Summary: Non-canonical nucleic and amino acid monomers are essential to enhance the information capacity, functional capabilities, and stability of DNA, RNA, and protein biopolymers. However, there are few tools for describing the primary structure of biopolymers that include non-canonical monomers. We developed BpForms, the first toolkit for concretely and compactly describing the primary structures of non-canonical 1-dimensional biopolymers. BpForms includes the first alphabets of non-canonical DNA, RNA, and protein monomers; a FASTA-like notation for describing biopolymers; and a website, a command line program, a REST API, and a Python package for calculating properties of biopolymers. We anticipate BpForms will be a 1 arXiv:1903.10042v1 [q-bio.BM]
Introduction
Non-canonical nucleic and amino acid monomers are essential to enhance the information capacity, functional capabilities, and stability of DNA, RNA, and protein biopolymers. For example, methylation helps bacteria distinguish self from foreign DNA and pseudouridine helps tRNA complement multiple codons. The FASTA format describes the structures of 1-dimensional biopolymers composed of canonical monomers. Recently, the Consortium for Top Down Proteomics developed the ProForma format to describe modified proteins 4 . However, ProForma is limited to proteins composed of monomers in databases such as RESID 2 , it is verbose due to the lack of an expanded alphabet, and there is no public software implementation of ProForma. We developed BpForms, the first toolkit for concretely and compactly describing the primary structures of non-canonical biopolymers and computing their properties. BpForms uses alphabets and a FASTA-like notation to concretely describe biopolymers, including the linkages between successive monomers and uncertainties in their structures; BpForms includes the first three alphabets of non-canonical DNA, RNA, and protein monomers; and BpForms includes a website, a command line interface (CLI), a REST API, and a Python API for calculating properties of biopolymers (Fig. 1) . We developed BpForms to concretely describe the biopolymers represented by whole-cell (WC) computational models 3 . For the first time, BpForms will also enable concrete communication about non-canonical biopolymers. In turn, we anticipate that BpForms will facilitate data integration about epigenetic, post-transcriptional, and post-translational modification; Figure 1 : The BpForms toolkit helps researchers communicate and integrate data about non-canonical DNA, RNA, and protein biopolymers. The BpForms notation (B) concretely and compactly describes biopolymers as sequences of canonical (grey) and non-canonical monomers defined in an alphabet (blue) (A) or defined "inline" (red). This enables the BpForms software to calculate properties of biopolymers such as their formula (C). These calculations are available through the BpForms website, CLI, REST API, and Python package (D).
reconstruction of the structures of modified biopolymers and the reactions which produce them; and the design of expanded genetic codes. Here, we describe the BpForms alphabets, notation, and software tools.
Representation of non-canonical biopolymers
BpForms represents linear and circular 1-dimensional biopolymers as sequences of monomers (e.g., nucleobases) connected via backbones (e.g., deoxyribose 5-phosphates) and bonding operations (e.g., phosphodiester bond formation).
Alphabets of non-canonical monomers
BpForms uses alphabets to compactly describe biopolymers. Each alphabet is a list of the codes and structures of monomers. BpForms includes three alphabets of DNA nucleobases, RNA nucleosides, and protein residues curated from DNAmod 5 , MODOMICS 1 , and RESID (Fig. 1A ). For consistency with these resources, the DNA, RNA, and protein alphabets are alphabets of DNA nucleobases, RNA nucleosides, and protein residues, respectively. To create consistent alphabets for calculating properties of biopolymers, we excluded inconsis-tent entries from these resources such as DNA nucleosides, RNA nucleotides, and protein biopolymers. We also excluded entries which do not have defined structures. Users can also extend these alphabets to incorporate newly discovered monomers, as well as create additional alphabets for other types of biopolymers such as actin filaments. As described in the documentation, we welcome contributions to the alphabets via Git pull requests.
Notation for non-canonical biopolymers
BpForms uses a FASTA-like format to concretely and compactly describe biopolymers as sequences of monomers of an alphabet (Fig. 1B) . Monomers with single-character codes are denoted by their codes (e.g., 'A'). Monomers with multi-character codes are denoted by enclosing their codes in curly brackets (e.g., '{m2A}'). Monomers can also be defined "in- 
Calculated properties of biopolymers
By concretely representing biopolymers, BpForms can calculate properties such as their major protonation and tautomerization states, structures (e.g. SMILES), formula, molecular weight, and charge at specific pHs (Fig. 1C) .
Export to FASTA format
To facilitate interpretation of biopolymers and backward compatibility, BpForms can export biopolymers to FASTA. This uses the base-monomer attributes of monomers and the alphabet codes of their roots.
User interfaces
BpForms includes four user interfaces for calculating properties of biopolymers: a website ((https://bpforms.org), a REST API ((https://bpforms.org/api), and a CLI and Python API (hrefhttps://pypi.python.org/pypi/bpformshttps://pypi.python.org/pypi/bpforms) (Fig. 1D ).
Tutorial and documentation
The website, REST API, and CLI contain inline instructions. A tutorial and documentation for the Python API are available at https://sandbox.karrlab.org and https://bpforms.rtfd.io.
Implementation
We implemented BpForms in Python using the Cement, ChemAxon Marvin, Flask-RESTPlus, Open Babel, and Zurb Foundation packages.
Conclusion
By concretely describing the primary structure of non-canonical biopolymers, we anticipate that BpForms will help researchers concretely communicate data about non-canonical biopolymers and the biochemical processes which generate them. In turn, this will help us and others develop integrated models of the synthesis, degradation, interactions, and roles of biopolymers. We also anticipate that BpForms will be a valuable tool for communicating synthetic genetic codes and proteins. Conflict of Interest: none declared.
